Hybrid risers represent an excellent way to isolate the riser from most of the host vessel motions and thereby limit riser fatigue. A common arrangement features the riser supported by a buoyancy can via a tether chain. The tether chain is a cheap simple way to make the connection while providing flexibility for installation. However, in service the tether is under very high tension, and the chain is not really flexible in the face of small amplitude fatigue loads. The friction effectively "welds" the chain together. Moment and torque input to the system by first order vessel motions and vortex induced vibrations are carried through the chain and induce fatigue loading in the links.
INTRODUCTION
Hybrid risers can be characterized as self supporting risers that connect to a floating platform with a flexible jumper. Worldwide there have been 7 variations of the concept installed in the last decade with several more in front end engineering development or detailed engineering stages. One type of hybrid riser configuration is shown in Figure 1 . Although all seven of the installed types are different, they share some common characteristics. In all the implementations used to date a buoyancy can is used to support the riser. The flexible jumper hangs in a catenary from a gooseneck. At the base, either a suction pile or a driven pile is used for anchorage. The main body of the riser may be a single line or a bundle of lines.
Figure 1 -Hybrid riser attached to an FPSO
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Hybrid risers may be selected as the riser solution for a deepwater development for a number of reasons. One key advantage is that a hybrid concept will significantly de-couple the riser from vessel motions. This characteristic may permit the use of a vessel with large motions such as an FPSO where otherwise a more expensive vessel might be required. For example, if an SCR were connected directly to an FPSO in many regions of the world, the SCRs would fail quickly from fatigue or be over-stressed while a hybrid riser may tolerate the motions easily. Another advantage is that the risers can be installed prior to the arrival of the production vessel. This can result in a shorter overall schedule.
The global response of a hybrid riser invariably results in a high bending region where riser attaches to the foundation at the seabed. This is the natural result of the relatively flexible riser body connecting to the much stiffer anchor pile. The design solution will typically be a tapered stress joint, an elastomeric flex-joint or a chain. The same issue is encountered at the top where the riser attaches to the much stiffer buoyancy can. Again the mismatch in stiffness results in locally high bending moments. The solution will be to reduce the local stress with a tapered forging, or accommodate the motion with a flex-joint or chain.
The simplest and cheapest solution for connecting the riser to the foundation and to the buoyancy can is the chain which also allows flexibility during installation. However, while implementing the chain solution in design is simple, verifying the integrity of the chain through test and analysis is not at all simple. This paper outlines a methodology developed by 2H Offshore for conducting fatigue analysis of chain used for hybrid risers. The method relies on detailed FEA modeling off the chain links including their contact and friction at the link interface. The method permits the analysis of hundreds of seastate fatigue bins in the time domain while accounting for interaction link against link. In illustrating the method, a realistic example of a hybrid riser in 5000 feet of water in the Gulf of Mexico is employed. In the course of explaining the methodology, it will become clear why simpler methods which attempt to conduct chain fatigue by using a stress concentration (SCF) approach are in adequate.
IMPLICATIONS OF THE DESIGN
By their nature all risers are single load path structures and this lack of redundancy as well as their use in containing high pressure hydrocarbons result in high criticality. With production and export risers, failure is potentially catastrophic with scenarios that range from a near surface crack that could jet high pressure gas into a manned platform to a failure that might drop the riser onto a subsea tree. Because of this criticality, the approach to design of chain for a hybrid riser cannot be the same as for conventional chain mooring, where typically the loss of a mooring line can tolerated as a survivable event.
It is interesting to note that the industry codes are quite far apart in their guidance about the safety factors required for chain components. More interesting still is the fact that the codes that deal with chain from the mooring point of view use higher factors of safety than the riser codes. Hybrid risers are directly addressed by API-RP-2RD the most commonly used riser code. There the design factor with respect to yielding is 0.80 in a 100 year event. In contrast, when chain is addressed with respect to station keeping in API-RP-2SK, the required design factor is 0.50 for quasi-static loads with respect to minimum breaking strength (MBS) and 0.6 for dynamic loading.
Under DNV-OS-E301, a position mooring standard, the use of single load path mooring is prohibited where the failure could lead to major pollution. At first glance such an approach may seem to have merit, however, it ignores the reality that in general risers are all single load path structure and the failure of a riser can easily result in loss of containment of hydrocarbons.
The explanation to this apparent incongruence where the codes dealing with redundant mooring systems have larger factors of safety than the codes dealing with single load path riser structure lies in the nature of chain failures. In riser applications, particularly hybrid risers, chain failures do not occur due to under-strength chain. Since chain is proof loaded prior to use to a load exceeding design load, failure of chain should not occur from overload. Rather, quality issues and various degradation mechanisms comprise the account for most of the risk. Key risks include wear, fatigue, metal-loss from corrosion, embrittlement, or some stress magnification caused by the method of attachment. Consequently the proper approach to design when employing chain in a hybrid riser is to properly account for these threats rather than to blindly increase size or strength material.
This paper, provides a rigorous practical methodology for assessing the fatigue loading of chain used to support hybrid risers.
CHAIN LINK INTERACTION
At first glance, fatigue failure from bending may be surprising since the chain solution is generally chosen for its ability to articulate. We naturally expect the chain to accommodate out of plane motion and even modest torsion by simply rotating; one link against the next. However, in practice, where chain is highly loaded, the frictional forces effectively weld the chain together and in the face of the smaller out of plane loads that typically populate our fatigue histograms, moment and torque are transmitted from link to link. These forces create stress cycles that result in fatigue damage. It turns out that the same phenomenon of joint friction frustrates the designer who attempts to mitigate the issue by using low friction bushings at the ends of the chain. A hybrid riser buoyancy can may put 6000 kN of tension in a tether system, and even with friction coefficients as low as 0.15, the bushings are also locked and do not rotate in the fatigue load regime.
The geometry of the chain links results in complex interaction. At low load the contact occurs at a point since the radius of the bend is about 1.25 times the radius of link. However, when the links are proof loaded they will yield locally and the chain links will seat themselves against each other. This proof loading and subsequent yielding must be accounted for in the analysis. It is one of the primary reasons why fatigue damage occurs due to out of plane bending and torsion.
EXAMPLE HYBRID RISER SYSTEM DESCRIPTION
The example hybrid riser system consists, from bottom to top, of a suction pile as riser foundation at seabed, an elastomeric latchable connector, a lower riser assembly including off-take spool and lower stress joint, standard riser joints, an upper tapered joint assembly, a upper riser assembly supporting the gooseneck for the flexible jumper, a tether chain system connected using low friction orthogonal pin-bushing joints, and a buoyancy can positioned below the worst effects of current and wave. The buoyancy can is comprised of independent sealed pressure balanced, nitrogen filled chambers. From the gooseneck a flexible jumper is connected to the FPSO. The methodology for fatigue of the chain element in a hybrid riser is presented with respect to this example riser. The configuration represents one iteration of a preliminary design exercise and should not be considered as an example of a finished product, but rather it provides the framework to explain the analysis methodology that is the purpose of this paper. Key features and parameters are relevant to the tether chain system are:
• Riser with upper tether configuration as shown in 
METHODOLOGY
The methodology for conducting fatigue analysis for a hybrid riser tether chain includes the following steps:
• Local modeling of the chain links to derive the effective stiffness and to derive the relationship between load and stress; • Global analysis of the riser using a beam element model with chain stiffness from the local model; • Post processing of the global results to derive damage at critical locations in the chain links.
Local Chain Modeling-A detailed model of the chain is constructed in ANSYS in order to:
• Derive the composite stiffness of the chain over the range of loadings expected. The stiffness is required for the global model where the chain will be represented by beam elements. The detailed model will provide the information required to compute effective bending stiffness (EI), axial stiffness (EA), and torsional stiffness (GJ) for the global analysis model. In general the chain stiffness is not linear with load and that nonlinearity is characterized in the local modeling studies. The global effective stiffness is also dependant upon the nominal tension load, the proof-load cycle and the friction coefficient.
• Derive the relationship of stress vs. load of the chain link. Like the stiffness, the load stress relation may not be linear. The influence of each force is determined after the model has been conditioned by applying the proof load, and while the mean static load is applied. It is noted that there are a number of potentially fatigue critical locations in the chain link. These are the locations which have the highest stress range for the fatigue loads for base metal and for welds. The critical locations for fatigue in the chain links are chosen as follows:
• Pt A Inner surface of chain at the weld, axial direction. This point will be critical primarily because of the weld and the accompanying SCF and weld SN curve. Because the legs of the chain link are not straight, this location as well as location C bend under tensile load.
• Pt B Lateral surface of chain at weld, axial direction. Of the three points at the weld, this will receive the highest stress due to out of plane bending.
• Pt C Outer surface of chain at weld, axial direction. Of the three points at the weld, this will receive the highest stress due to in plane moment.
• Pt D Maximum stress range for out-of-plane bending (OPB), direction of the maximum stress range.
• Pt E Maximum stress range for in-plane bending (IPB). Stress is taken in the direction of the maximum absolute value principle stress.
• Pt F Maximum stress range for torsion is seen at this point.
• Pt G Crown of link. This point sees high tensile stress when linear FEA analysis of the link is conducted
The key locations for tether chain fatigue stress are shown in Figure 3 . In developing the relationships for stress vs. load it is important to remember that stress is a tensor and the direction of the critical fatigue stress at each location must be determined. That direction should be orthogonal to the plane of the expected fatigue crack. All seven locations are evaluated because in general the critical location can not be determined .a priori.
Figure 3 -Key Stress Locations
Global Riser Analysis-Analysis of the global riser system is conducted for sea-state fatigue loading using a beam element model. For this study the specialized FEA program FLEXCOM is used and the chain is modeled with the stiffness properties derived from the detailed ANSYS chain model. Seastate fatigue loading involves modeling the vessel motions which are transmitted by flexible jumper in the global model from the vessel into the vertical portion of the riser at the gooseneck. While the flexible jumper largely de-couples the riser from the vessel motions, some loading is still transmitted. The large mass of the aircan keeps it relatively motionless and the periodic forces from the jumper result in small moments in the chain. The global model, run in time domain will automatically account for any resonant response of the riser and hydrodynamice damping.
A comprehensive analysis for sea-state fatigue may involve as many as 24 sea-states in 8 directions. For each sea-state, time domain analysis is conducted for 3 hours with first and second order motions of the vessel, currents and direct wave effects accounted for. For the analysis of the chain, the time traces of element forces are recovered. For designs where the ends of the chain are attached through pin-bushing arrangements it is important to model the resistance to rotation of those connections. Because the static up thrust from the buoyancy can is so large, even a joint with graphite impregnated bushings will resist rotation under fatigue sea-state loads.
While the largest moment response usually occurs at the link closest to the gooseneck, the analyst can avoid having to make such assumptions by simply modeling all the links since the overhead of the global model is kept small.
Post processing for fatigue damage-For each sea-state the ranges of the chain force time traces are determined.
The relation between load and stress for each load at each location is in general non-linear. However in the range of fatigue loading from the global analysis the load vs. stress is linear. For each location and each force, an influence factor is derived from the local chain modeling results consistent with the range of loading from the global results.
For each sea-state the timetrace for each force is multiplied by the seven location-related influence factors to create stress timetraces. The total stress at each location is found by adding the stress timetraces for each force at each location. This process is described below with matrix algebra for the case where the influence factors are linear. Once the full stress timetrace at each location is developed rainflow cycle counting in employed to generate a stress histogram and damage is found using Miner's rule.
Since the shear forces from the global model have little influence on the fatigue damage the force set is reduced to the axial load and 3 moments. However, these forces are timevarying. The stress time-trace from equation 5 includes the effects of all 4 force time-traces. These are processed using a rainflow cycle counting program to generate a stress histogram at each location. From that histogram and using an appropriate SN fatigue curve, the damage is computed at each location using Miner's rule.
EXAMPLE
Stiffness-Prior to service the tether chain must be proof loaded to 70% of breaking strength. This proof load cycle changes the chain's subsequent structural response and these effects must be included in the FEA modeling. The proof load conditions the model by introducing local yielding, with accompanying shape and stiffness changes. Figure 4 shows the resulting axial stiffness after proof loading. Of course, because the material yields, the model must include the elasto-plastic properties of the steel. After proof loading the model is unloaded and then the nominal axial load from the buoyancy can is applied. In operation, this axial load will vary only about 3%. With the nominal axial load applied and using a friction coefficient of 0.30, the model is incrementally displaced to generate a load displacement curve for bending and torsion. For the example case, these are shown in Figure 5 and Figure 6 respectively. Link-to-link rotations do not exceed 0.5 degrees in the global model for the fatigue seastates, and as the figures show, the stiffness is reasonably linear in that region. 
Figure 6 -Torsion stiffness of tether chain
The detailed FEA model is used to generate the influence coefficients to populate the IM matrix of equation 2. Seven points, designated A-G on the chain link are potentially critical in fatigue. At each point the influence factor is found for each of four forces. Figure 7 shows the influence of a unit change in axial load. The stress plots for out-of-plane bending, in-plane bending and torque loading are shown in Figure 8 through Figure 10 . The stress response to incremental axial loading at locations A, B, C and G, is very linear as shown in Figure 11 . Likewise the response to incremental out-of-plane and in-plane bending is linear as shown in Figure 12 and Figure 13 . For the stress location D, E, and F in the arch of the chain link, the response is less well behaved but still reasonably linear. Those responses are shown in Figure 14 and Figure 15 .
In finding the stress response at points D, E, and F, the direction the critical stress is found as follows: σ the principle stresses are found and the direction of the maximum absolute value principle stress is taken as the critical stress direction. This defines the critical direction as the vector of the maximum stress range and not the maximum tensile stress. At points E and F the same methodology is used to determine the critical stress direction except with the in-plane moment Mz and the torque My respectively. Once those critical directions are determined the stress in that direction is extracted for a range of amplitudes for each force component. These values are used to determine influence coefficients. Per equation 3 the slope of the stress vs. load plot is the influence coefficient.
The values for the IM matrix for this example are given in Table 1 . 
DISCUSSION
In order to capture the response of a hybrid riser tether chain with respect to fatigue load cycles a detailed FEA model that includes the effect of yield during proof loading is required. Both stress and stiffness behavior is not linear. In the example case several factors permitted the linearization of the problem. The axial load in hybrid riser tether is relatively constants because the up thrust is constant. While dynamic axial cycles occur because of the inertia of the system and must be accounted for in the stress cycle counting, they are not large enough to affect the rotational stiffness of the chain.
The predicted link-to-link rotations predicted by the global analysis are generally very small, mostly less than 0.1 degrees. However, in the case of large sea-states, the response of the riser can push the chain outside of the linear region. In conducting the analysis this must be monitored. In the cases where the response becomes non-linear, a non-linear response function can be included in the computation. However, the initial stiffness found is generally the highest as seen in Figure  5 and Figure 6 and the use of the linear properties is conservative.
The methodology delineated in this report can be applied to VIV fatigue analysis as well as sea-state fatigue analysis. Because a hybrid rise is a full 3D structure, some of the exited modes will have response in more than one plane. VIV can result is bending, torque and axial load in the tether chain and a method such as this will be necessary to properly combine the stress effects.
While it is beneficial to connect the tether chain ends through a bearing or bushing with low rotational stiffness to minimize the link-to-link rotation, the very high tension loads and the long periods of little movement may mean that the bearing may not actually give rotational relief. In accounting for those bearings the analyst is cautioned to verify the performance of the system employed. In the example, the influence matrix can be condensed to linear coefficients due to the small range over which the riser fatigue cycles act. However, the method can be easily extended to include non linear influency functions which the software can apply during the processing.
CONCLUSIONS
A method is presented for assessing tether chain fatigue in hybrid risers. The method puts in place a bridge between the global analysis model which captures the overall response of the riser to sea state fatigue and the local model of the chain which captures the non-linear effects of the friction, contact, local yeilding and geometry.
